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We have measured an angle-dependent contribution to the equilibrium magnetization of a 
YBa2Cu307„4 single crystal with columnar defects created by irradiation with 5.8 GeV Pb ions. 
This contribution manifests itself as a jump in the equilibrium torque signal, when the magnetic 
field direction crosses that of the defects. The magnitude of the jump, which is observed in a narrow 
temperature interval of less than 2 K wide, for fields up to about twice the dose equivalent field 
Bq, is used to estimate the energy gained by vortex pinning on the defects. The vanishing of the 
effective pinning energy at a temperature below T c is attributed to its renormalization by thermal 
fluctuations. 



I. INTRODUCTION 

Since the discovery of increased pinning in heavy- 
ion irradiated samples, the interaction between flux- lines 
and columnar defects in high-T c superconductors has 
been the subject of intense experimental and theoretical 
investigations an An angle-dependent critical current en- 
hancement has been put into evidence both, in the mod- 
erately anisotropic material YBa2Cu307_5CJ as in-hjghly 
anisotropic materials such as Bi2Sr2CaCu208+<5.£l'Q The 
influence of correlated disorder on the equilibrium prop- 
erties of the flux-line lattice has been the subject of 
fewer experimental investigations. Torque and mag- 
netization experiments on Bi2Sr2CaCu20s+5 have re- 
vealed a pinning energy contribution to the equilibrium 
magnetization arising from the presence of the defects, 
but, in contrast to the irreversible magnetic moment, 
the equilibrium magnetization did not show any other 
angle-dependent contribution, than the one arising from 
the layering of the material .d Here, we investigate the 
less anisotropic compound YBa2Cu307_,5 and show that 
there exists a narrow domain in the (H-T) diagram where 
a reversible angular dependent contribution to the torque 
arises due to the interaction of flux-lines with the lin- 
ear defects. This constitutes a direct demonstration that 
vortex lines in the liquid phase distort in order to acco- 
modate to the linear irradiation defects. 



II. EXPERIMENTAL DETAILS 

The experiments were performed on a single crystal of 
dimensions 130 x 37 x 18 /iin 3 ; the shortest dimension 
was along the c-axis. The transition temperature after 



irradiation was T c — 90.3 K. A single domain of paral- 
lel twin planes was observed, the planes running at 45° 
with respect to the crystal's longest edge. The sample 
was irradiated with 5.8 GeV Pb ions to a dose n = 10 11 
cm~ 2 , equivalent to a matching (dose equivalent) field 
= = 20 kG. The ion beam was directed perpen- 
dicular to the longer crystal edge, at an angle of 30 de- 
grees with respect to the c-axis. The irradiation created 
continuous linear amorphous defects of radius_c = 35 A, 
oriented along the direction of the ion beam,Ll with den- 
sity n. After the irradiation, the sample was character- 
ized using the magneto-optic flux visualization technique 
at 65, 77 and 82 K; no evidence of any remaining influ- 
ence of the twin planes on the flux penetration could be 
observed. 

The torque was measured using a piezoresistive mi- 
crolever from Park Scientific Instruments, as described 
m Ref. 0. The microlever formed part of a low tempera- 
ture Wheatstone resistive bridge, in which a second lever 
with no sample was inserted in order to compensate for 
the background signal originating from the magnetore- 
sistance of the levers. The measuring lever was fed with 
a current of 300 fiA and thermalized to better than 0.01 
K using He 4 exchange gas. The torque setup was cali- 
brated from the Meissner slope of the reversible magneti- 
zation as .a function of field at a fixed angle, as described 
elsewhereu. In torque experiments with a single rotation 
axis, the plane in which the applied field H is rotated is 
always at a misorientation angle a with respect to the 
plane enclosing the c-axis and the irradiation direction 
(Fig. . This angle is not known a priori: it results from 
the uncertainty in both the irradiation direction and the 
sample positioning. We estimate that it is less than a 
few degrees. The result of the misorientation is that the 
applied field is never strictly aligned with the irradiation 
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direction; a is therefore the minimum angle between H 
and the ion tracks when the field direction is varied. 

In a separate experiment, the irreversibility line was 
measured using SQUID ac-susceptometry. It was located 
as the onset of the in-phase (reactive) component of the 
ac susceptibility measured in an oscillatory field of am- 
plitude 0.1 Oe and frequency 13 Hz, oriented parallel to 
the dc field. These measurements were performed for 
two orientations of the static field, applied parallel to 
the direction of the tracks (i.e. at 30° with respect to 
the c-axis), and applied in the symmetric direction with 
respect to the c-axis. The irreversibility fields for both 
orientations were found to be linear with temperature; 
the line obtained with the field applied parallel to the 
tracks clearly lies above the one for the symmetric ori- 
entation (Fig. ||). In contrast to what is observed for 
Bi2Sr2CaCu208+5, and more recently, in heavy- ion irra- 
diated YBa2Cu307_5 thick filmsjij there is no change in 
the behavior at H > up to our maximum measuring 
field of H — 50 kOe, and the lines do not merge above 
the irradiation field. 



III. RESULTS AND DISCUSSION 

Typical torque signals are displayed in Fig. ||. Be- 
low the irreversibility line determined by SQUID ac- 
susceptometry with the field along the tracks, the torque 
measurements reveal a hysteretic behavior when the field 
is aligned with the irradiation direction. Above the line, 
the system is in the so-called vortex liquid phase and the 
torque signal is reversible; however, in a narrow region 
typically 1 to 2 K wide, a kink is found, roughly symmet- 
ric with respect to the orientation of the columnar defects 
(Fig. ||). This behavior is similar to what is observed for 
conventional torque on a layered superconductor when 
the field is rotated across the plane of the layers, and 
indicates that the vortex lines deform in order to have 
their direction coincide with that of the linear defects. 
In other words, the free energy of the vortex liquid phase 
is lowered by flux-line pinning onto the columnar tracks. 

At low temperature— where thermal fluctuations are 
not important, theorytll predicts that when the external 
field is applied sufficiently close to the layer/track direc- 
tion (i.e. the angle between applied field and the tracks 
6 < 8i where 0i is the lock-in angle), the equilibrium con- 
figuration of a single flux-line is that in which the whole 
length of the line is aligned with the defect. At larger 
angles 9i < 9 < 9 t , one expects a staircase configuration 
in which line segments aligned with the dejects alternate 
with segments wandering between defects.LU For 9 larger 
than the accomodation angle 9t , the vortices do not read- 
just to the columnar defects at all. In our experiment, 
it is unlikely that we achieve the locked configuration, 
as this would require the alignment of the external field 
with the track direction to within some angle 9 < 9i < a. 
In the locked configuration, one should observe a linear 



variation of the torque signal with angle, with a slope 
B 2 /4ir erg cm -3 rad -1 (neglecting the anisotropy in the 
demagnetizing factors) i.e. ~5x 10~ 2 erg deg -1 in a 10 
kOe field in our case. This is three orders of magnitude 
larger than the highest of the slopes in Fig. Bl _ 

The predicted contribution Tq to the torque signatH is 
shown in Fig. ||. As the field angle is increased from the 
irradiation direction, the torque first increases linearly, 
reaching a maximum at the lock-in angle, and then de- 
creases linearly beyond this. For angles larger than # t , 
the torque contribution arising from the interaction be- 
tween vortices and ion tracks should be zero. In practice, 
the lock-in angle is quite small, therefore the torque sig- 
nal should be quasi-discontinuous when the field- and 
track direction coincide. In the single vortex regime, the 
magnitude of the torque signal close to the irradiation di- 
rection may be obtained in terms of the lock-in anglejij 
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with e r the pinning energy per unit length. The ac- 
comodation angle 9 t — arctan(2e,./e;) 1 / 2 , where ei — 
7~ 2 £o l n (l/-^z£) is the vortex line tension, the energy 
scale £o = ($o/47rA) 2 , and K z is the typical wavevec- 
tor of the vortex distortion induced by the columns. In 
optimally doped YBa2Cu307_5, the penetration depth 
A = 1400(1 -T/Tc)- 1 / 2 A, the a6-plane coherence length, 
£ab(0) = 15 A, and the anisotropy parameter 7 7.6.1121 
^From Eq. (Q), one sees that one can directly obtain an 
estimate of the lock-in angle from the torque jump ob- 
served when the field is aligned with the columns and 
Eq. (Q). A good estimate of the pinning energy e r is 
equally obtained from the torque jump: 
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(ao = (^o/B) 1 / 2 is the mean separation between -saor- 
tices). This method to obtain the pinning energytj is 
more direct than estimates based on the angular depen- 
dence of the resistivity p. Those rely on the identification 
of a shallow maximum of p at 9t, or, alternatively, with 
a "depinning angle"llj determined by the rate at which 
vortices can liberate themselves from a track; the relation 
of the latter with the accomodation angle is not certain. 
Since the pinning energy is predicted to be proportional 
to 9 2 , the method based on transport measurements can 
result in a large uncertainty in e r . 

The present approach has the advantage that there is 
only one assumption, which concerns the precise form of 
ei. Taking the curve at H = 12 kOe and T — 88.5 K 
(T/T c — 0.98), i.e. at the onset of magnetic irreversibil- 
ity, one has a typical value of the torque jump 2r (0~) « 
400 erg cm -3 (Fig. ||); consequently, 9i ps 10~ 5 deg. 
The parameter values a = 400 A, t; a b(T) » 100 A, 
K z = l/o , and A(T) » 7000 A, yield the pinning 
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energy per unit length e r w 5 x 10~ 9 erg cm -1 , and 
9 t an 70°. The obtained value of the accomodation angle 
seems reasonable: the difference between the extrapola- 
tion of the torque from large positive and negative angles 
to 9 = 0, at which the field and the ion track are nearly 
aligned, is a good indication that 9 t lies beyond the angu- 
lar range depicted in Fig. ||. Clearly, 6 t greatly exceeds 
the angular width of the irreversible regime just below 
the irreversibility line, which is about 8° at 88.5 K and 
H = 12 kOe. The accomodation angle is comparable 
to the low-temperature limit of the "depinning angle" 
measured on an untwinned YF^CusCv-a single crys- 
tal irradiated with 1.0 GeV U ions to the same nominal 
dose. til 

Returning to the experimental data in Fig. |J one ob- 
serves that, in spite of the fact that a clear jump in the 
torque signal can be defined, the discontinuity at the ir- 
radiation angle is rather smooth. The smoothness of the 
curve is possibly due to the non-zero misalignment an- 
gle a. The effect of misalignment can be quantitatively 
accounted for using simple trigonometric considerations. 
Projecting the torque as given in Ref. [Il] on the experi- 
mental torque axis u (Fig. |l|) , one obtains the magnitude 
of the measured torque signal: 
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9 is the field rotation angle in the laboratory frame, and 
9, as before, is the real angle between the direction of 
the magnetic field and that of the ion tracks. The curves 
plotted in Fig. [| shows that the effect of the misalign- 
ment is both to widen the angular interval between the 
torque maxima (now s» 2a from one another) and to de- 
crease the torque value at the maximum. Using 9i -C 0{, 
9 t ~ 30°, and a = 5° we find that the maximum torque 
is only about 0.6 ro(0 _ ) so that the pinning potential 
estimated from the apparent torque jump is in this case 
only about 40% of the actual value, which, at H = 12 
kOe and T = 88.5 K, would amount to e r = 1.3 x 10~ 8 
erg cm -1 . 

The absolute value of the pinning energy per unit 
length is in reasonable agreement .with the estimate for 
core pinning of individual vorticesjlj 



showed that in that material, the dependence of pinning 
energy on track diameter and temperature is in agree- 
ment with the core pinning model, although the magni- 
tude of the pinning energy exceeded the theoretical ex- 
pectation (|J) by a factor 5. In the present case, the strong 
temperature and field dependence of the experimentally 
obtained pinning energy, displayed in Fig. ||, show that 
a simple "zero temperature" single vortex pinning ap- 
proach is inadequate. The reasons for this are that (i) 
the fields under consideration are not small with respect 
to B^, so that only a fraction of vortices can be expected 
to be actually trapped on a columnar track, and (ii) the 
proximity to T c possibly necessitatesr-the, inclusion of the 
effect of strong thermal fluctuations .11311a 

A theoretical description of the effect of a field rotation, 
or even of the total pinning energy, in the case where the 
vortex density is comparable to the density of a system of 
strong linear pins has, to our knowledge, not been devel- 
opped at present. Although the decrease of the pinning 
energy per unit volume as field is increased, and the even- 
tual disappearance of the torque jump at H 3> B^, is the 
straightforward consequence of the averaging of the pin- 
ning energy gain obtained from the restricted number of 
vortices trapped on an ion track and the ever increasing 
number of those that are not, there are few predictions 
about the resulting field dependence of the equilibrium 
magnetization. Extensive numerical calculations of the 
vortex energy distribution in the presence of-|Columnar 
pins were carried out by Wengel and Tauber;t3 however, 
they did not make any specific predictions as to the pre- 
cise temperature or field dependence of the magnetiza- 
tion. 

The effect of thermal fluctuations must also be con- 
sidered. In resistivity measurements, such fluctuations 
are usually accounted for by stating that, at the angle 
at which depinning occurs, i.e. at which the probability 
to find a pinned vortex segment becomes exponentially 
small, the thermal energy and the piniHM-, energy of a 
single trapped vortex segment are equal.&SEj As a conse- 
quence, the "depinning angle" measured by the angular 
dependence of the resistivity is. smaller than the accomo- 
dation angle and is given by:ta 
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(with £o(0) — 5 x 10~ 8 erg cm -1 ) In the tempera- 
ture regime of interest, this mechanism is more relevant 
than electromagnetic pinningtj because £, a b{T) greatly 
exceeds the track radius. Using the same parameter 
values as above, the model yields the theoretical value 
e r mix 10~ 9 erg cm" 1 (at T/T c = 0.98). Recent mea- 
surements on heavy-ion irradiated P^Si^CaC^Os+d't^ 



With the parameters values as used above, we obtain 
Odepin ~ 15°, which is comparable to the angular width of 
the irreversible regime in Fig. | The same type of argu- 
ment leads one to conclude that at the same temperature, 
thermal fluctuations are much less efficient when the field 
is aligned with the track direction, because the length and 
the trapping energy of the pinned line segments are large. 
Nevertheless, the fact that the magnetization is reversible 
and that the resistivity measured under similar condi- 
tions is lineafcQ implies that although it may be small, 
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the thermal depinning rate is non-zero. Since the mea- 
sured pinning energy is proportional to the average vor- 
tex length trapped on a columnar defect at any one mo- 
ment, the rapid decrease of e r with temperature, which 
is in .agreement with estimates obtained from resistivity 
datajij does not seem to be an artefact of the method 
used to analyze torque or resistivity data, but reflects 
the increasing efficiency of thermal fluctuations in liber- 
ating vortices from the tracks. Strong vortex wander- 
ing above a "depinning temperature" T* = (cq / V) y/eje^ ', 
such as proposed in Refs. |Tl| , pL5| , and [l8] would lead to 
a torque jump that follows an exponential temperature 
dependence. Such a dependence was observed in Ref. |2l], 
where the rapid decrease of the accomodation angle mea- 
sured in heavy-ion irradiated Bi2Sr2CaCu208+(5 was at- 
tributed to the effect of thermal fluctuations. Although 
the reduced range of temperatures over which e r could 
be determined in the present experiments makes a di- 
rect comparison very difficult, thermal wandering of flux 
lines could be responsible for the disappearance of the 
pinning energy and the torque jump at temperatures be- 
low T c2 (H) (see Fig. |). 

IV. CONCLUSION 

We have, from thermodynamic torque measurements, 
obtained the first evidence for an angle-dependent con- 
tribution of amorphous columnar defects to the equilib- 
rium magnetization in YBa2Cu307_5. The analysis of 
the torque signal allowed us to directly determine the 
lock-in angle and the pinning energy of the linear de- 
fects. The magnitude of the pinning energy is in qual- 
itative agreement with the core pinning mechanism by 
columnar defects; however, the observed strong field de- 
pendence means that the interactions between flux lines 
are not negligible in the range of magnetic fields investi- 
gated here. The strong temperature dependence of the 
torque jump, and the disappearance of the pinning en- 
ergy below H C 2 (T) are the consequence of thermal fluc- 
tuations in the vortex liquid state, which are increasingly 
efficient in liberating vortex segments from the tracks as 
temperature increases. 
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FIG. 1. Scheme depicting the torque microlever and the 
orientation of the applied field, the crystalline c-axis, and the 
direction of the columnar defects. 
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FIG. 2. The irreversibility lines, circles and stars, ob- 
tained from the onset of the screening component of the 
ac-susceptibility with field oriented at 9 = —30° and 
9 = +30° with respect to the c-axis. The squares repre- 
sent the conditions of temperature and magnetic field under 
which the signature of the tracks could be observed in the 
reversible torque signal. Full and dotted lines are the melting 
line and H C 2(T) obtained in Refs. ^ and ^, rescaled by a factor 
(cos 2 (0) + 7" 2 sin 2 (6>))-3 with 9 = 30°. 
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FIG. 3. Torque signal in the vicinity of the irradiation di- 
rection (9 = 30°). A smooth background has been subtracted 
from the raw signal. 
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FIG. 4. The theoretical torque signals arising from the in- 
teraction of the vortices with the amorphous columnar defects 
for two values of the misfit angle a: solid line a = 5°, dotted 
line a = The other parameters were 9i — 3° and 9t = 30°. 
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FIG. 5. The pinning energy, as given by the torque jump 




using Eq. g and the parameters given in the text. Drawn lines 
are guides to the eye. 
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